Abstract. Determining acoustical loading conditions on radiators in an underwater array is of great importance to predict the performance of the array. Acoustical interactions between radiators generate a non-uniform distribution of acoustic loading over the radiating surface of the array and often cause performance degradation on the directivity patterns as well as the transmit frequency response of the array. In the electromechanical equivalent circuit model of such an array, the influence of the radiation of the neighboring radiator transducers can be considered as a mutual radiation impedance that is an intrinsic property of a given transducer and array configuration. Our goal in this project is to improve experimental techniques to determine both active and reactive parts of mutual radiation impedances. Two experimental methods are presented based on the measurements of the coupled impedance ("Z-method") and the acousto-motive force ("V-method"). For both methods, analytical investigations based on the electromechanical equivalent circuit analysis are shown.
I INTRODUCTION
Acoustical interactions are often observed between electroacoustical transducer elements in an underwater array. The radiations of the neighboring radiators change the acoustical loading condition of the primary radiator. As a result, a non-uniform distribution of acoustical loading is generated over the radiating surface of the array and variations in the radiating surface velocity as well as in the radiated pressure are produced across array elements [1] .
In the electromechanical equivalent circuit model of such an array, the influence of the radiation of neighboring transducers can be considered either as a coupled impedance Z ij ,
or as an equivalent acousto-motive force F ij ,
where z ij is the mutual radiation impedance between the ith and jth interacting transducers, U i and U j are the surface velocities of the ith and jth transducers, respectively. z ij is generally dependent on the configuration of the transducer, on the mode of vibration, and on the geometry of the transducer in the array. For certain array configurations as shown in Figure 1 (a) and 1(b), the analytical expressions describing z ij are available and found to be sufficiently accurate to predict the actual mutual radiation impedances in practical arrays [2] [3] [4] [5] [6] . However, for some practical arrays that usually have complicated configurations as shown in Figure 1 (c), the mathematical expressions do not exist and the experimental investigations are the only way to determine mutual radiation impedances. Our goal in this project is to improve experimental techniques to determine both active and reactive parts of mutual radiation impedances. Two experimental methods are presented based on the measurements of the coupled impedance ("Z-method") and the acousto-motive force ("V-method"). For both methods, analytical investigations using the electromechanical equivalent circuit model are shown. 
II METHODS OF MEASUREMENTS
The acoustical interactions can be conveniently analyzed by representing transducers in an array in the equivalent circuit shown in Figure 2 , in which the self and mutual radiation impedances are connected as the acoustical loads in series with the mechanical components. To determine the values of mutual radiation impedances, we must first obtain all the other circuit parameters such as the electrical and mechanical impedances, the electromechanical transformation coefficient, and the self radiation impedance. The method to obtain these parameters can be found in the literature [7] and is not described in this paper. In the following sections, two methods of measurements are described under the assumption that all the equivalent circuit parameters are known except for the mutual radiation impedances. For the sake of simplicity, an array of two transducers is considered and the two transducers are assumed to be identical, i.e., all the circuit parameters are the same.
A Z-method
The experimental technique commonly used to measure mutual radiation impedances is to apply voltages having equal amplitudes to two transducers in two different phase conditions (in-phase and 180-degree out-of-phase). These conditions can be easily implemented with an impedance analyzer by connecting the two transducers electrically in parallel. By switching the polarity of one of the transducers, the two phase conditions can be introduced to the input voltages, i.e., V 1 = ±V 2 . Then the self and mutual radiation impedances are found to be where R r | V 1 =±V 2 and X r | V 1 =±V 2 are the measured radiation resistance and reactance under the excitation condition that V 1 = ±V 2 .
The measurement of the mutual radiation impedances described in Eq. (4) is often not sufficiently accurate. To improve the accuracy, the case is considered in which the amplitudes and phases of two input voltages are varied. Because the vibrating velocities are proportional to the input voltages, the coupled impedance can be expressed as
where φ is the phase difference between input voltages (or between vibrating surface velocities). Equating the measured coupled resistance and reactance to the real and imaginary parts of Eq. (5), the mutual radiation impedance can be found to be r 12 = (R r 12 cos φ + X r 12 sin φ)
For example, when φ = 90 or U 1 = jU 2 in Eq. (6), the mutual radiation impedance becomes
That is, the mutual radiation resistance may be measured proportional to the measured coupled reactance and the mutual radiation reactance proportional to the measured coupled resistance. In Eq. (7), the use of R r instead of X r as in Eq. (4) to determine x 12 is useful to increase the accuracy of the measurement because X r is often too small to be accurately measured near the resonance. It is also possible in this method to increase the accuracy of the measurement by increasing the coupled impedance, i.e., by increasing the ratio of the velocities, |U 2 |/|U 1 |, or the ratio of the amplitudes of input voltages, |V 2 |/|V 1 |. An example of the experimental apparatus of the Z-method is illustrated in Figure 3 .
B V-method
In the V-method, one of the transducers has the equivalent acousto-motive force replaced with the coupled impedance in Figure 2 . The output voltage of one transducer driven by the acousto-motive force generated by the other transducer in the course of acoustical interactions can be found as where Z m is the mechanical impedance of the transducers given as
In the frequency range far below resonance of the measurement transducer, the approximation of Z m + Z 11 Z 12 is valid and Eq. (8) can be simplified as
In particular, the self radiation impedance can be considered as independent of the separation distance d if the transducers are members of an array and do not locate on the edges (i.e., the symmetry of the array is valid). Then, the relative change of the mutual radiation impedance as a function of d is obtained as
where d 0 is the reference separation distance of transducer elements. An example of the experimental apparatus of the V-method is illustrated in Figure 4 .
III SUMMARY
The methods of measurements of mutual radiation impedances were developed in theory by the equivalent circuit analysis. The Z-method was improved by introducing a certain phase shift between two transducers as well as by changing the ratio of the input voltages. The V-method is especially practicable far below resonance of the measurement transducer to measure the relative change of the mutual radiation impedance as a function of the separation distance of two transducers. The results obtained in the V-method can be scaled according to the types of operational transducers. For example, the mutual radiation impedances that may be measured with a PZT cylindrical transducer are in the range of ka < 1 because the resonance frequency of the PZT transducer is at ka = 2 (where a is the radius of the cylinder). For the same radius of the cylindrical transducer but made of different materials such as single crystals, the operational frequency range can coincide with the frequency range of the measured mutual radiation impedances because the resonance frequency of such a transducer is around ka 0.7. An example of preliminary experimental results is shown in Figure 5 where mutual radiation impedances in an array of three cylindrical transducers as shown in Figure 1 
